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Abstract
Background Both papillary muscle infarction (PMI) and
chronic ischemic mitral regurgitation (CIMR) are associ-
ated with reduced survival after myocardial infarction. The
influence of PMI on CIMR and factors influencing both
entities are incompletely understood.
Objectives We sought to determine the influence of PMI
on CIMR after primary percutaneous coronary intervention
(PCI) for ST-segment elevation myocardial infarction
(STEMI) and to define independent predictors of PMI and
CIMR.
Methods Between January 2011 and May 2013, 263
patients (mean age 57.8 ± 11.5 years) underwent late
gadolinium-enhanced cardiac magnetic resonance imaging
and transthoracic echocardiography 4 months after PCI for
STEMI. Infarct size, PMI, and mitral valve and left ven-
tricular geometric and functional parameters were assessed.
Univariate and multivariate analyses were performed to
identify predictors of PMI and CIMR (Cgrade 2?).
Results PMI was present in 61 patients (23 %) and CIMR
was present in 86 patients (33 %). In patients with PMI,
52 % had CIMR, and in patients without PMI, 27 % had
CIMR (P\ 0.001). In multivariate analyses, infarct size
[odds ratio (OR) 1.09 (95 % confidence interval
1.04–1.13), P\ 0.001], inferior MI [OR 4.64
(1.04–20.62), P = 0.044], and circumflex infarct-related
artery [OR 8.21 (3.80–17.74), P\ 0.001] were indepen-
dent predictors of PMI. Age [OR 1.08 (1.04–1.11),
P\ 0.001], infarct size [OR 1.09 (1.03-1.16), P = 0.003],
tethering height [OR 19.30 (3.28–113.61), P = 0.001], and
interpapillary muscle distance [OR 3.32 (1.31–8.42),
P = 0.011] were independent predictors of CIMR.
Conclusions The risk of PMI is mainly associated with
inferior infarction and infarction in the circumflex coronary
artery. Although the prevalence of CIMR is almost doubled
in the presence of PMI, PMI is not an independent pre-
dictor of CIMR. Tethering height and interpapillary muscle
distance are the strongest independent predictors of CIMR.
Keywords Myocardial infarction  Papillary muscle
infarction  Mitral regurgitation  Echocardiography 
Magnetic resonance imaging
Introduction
Both papillary muscle infarction (PMI) and chronic
ischemic mitral regurgitation (CIMR) are associated with
reduced survival after myocardial infarction (MI) [1–3].
Ischemic mitral regurgitation (IMR) is a common
complication of MI with an estimated incidence of
20–50 % [4–8]. IMR is frequent early after MI, but it is
often mild and may disappear completely [4–8]. When
IMR develops, persists or increases over the course of
& Wobbe Bouma
w.bouma@umcg.nl
1 Department of Cardiothoracic Surgery, University Medical
Center Groningen, University of Groningen, P.O. Box 30001,
9700 RB Groningen, The Netherlands
2 Department of Cardiology, University Medical Center
Groningen, University of Groningen, Groningen, The
Netherlands
3 Department of Radiology, University Medical Center
Groningen, University of Groningen, Groningen, The
Netherlands
4 Department of Critical Care, University Medical Center
Groningen, University of Groningen, Groningen, The
Netherlands
123
Clin Res Cardiol (2016) 105:981–991
DOI 10.1007/s00392-016-1006-9
several weeks after MI, it becomes chronic [4–8]. Several
studies showed that (even mild) CIMR after MI increases
the risk of congestive heart failure and death in a graded
fashion according to mitral regurgitation (MR) severity
(independent of left ventricular (LV) function) [1, 2]. The
exact mechanism for the development of IMR after MI
remains a subject of debate [9]. IMR may develop acutely
after post-MI papillary muscle rupture, or more gradually
with scar formation, LV remodeling, papillary muscle
(PM) displacement, and mitral valve tethering or tenting
(i.e. CIMR) [9, 10].
PMI has a strong (negative) prognostic value after MI
[3]. This may be related to the development of CIMR, but
the precise role of PM involvement in the development of
CIMR is still unclear. Factors influencing PMI are
incompletely understood. Late gadolinium-enhancement
(LGE) cardiac magnetic resonance imaging (MRI) enables
the noninvasive detection of papillary muscle infarction
(PMI) with high spatial resolution [3, 11]. Therefore, LGE
cardiac MRI is the technique of choice for PMI assessment.
In this study, we sought to determine the influence of
PMI detected by LGE cardiac MRI on CIMR after primary
percutaneous coronary intervention (PCI) for ST-segment
elevation myocardial infarction (STEMI) and to determine
independent predictors of PMI and CIMR.
Methods
Study Design
This study was performed as a substudy of the gly-
cometabolic intervention as adjunct to primary percuta-
neous intervention in ST elevation myocardial infarction
(GIPS)-III trial (clinicaltrials.gov NTC01217307) [12–14].
The GIPS-III trial was a prospective, single center, double
blind, randomized clinical trial that compared metformin
500 mg twice daily to placebo treatment in 380 non-dia-
betic patients requiring primary PCI for STEMI. The pri-
mary endpoint, left ventricular ejection fraction (LVEF)
after 4 months, was similar between groups [13]. The final
results of the GIPS-III trial have been reported previously
[13]. In brief, patients aged C18 years presenting with a
first STEMI and undergoing primary PCI with implantation
of at least 1 stent with a diameter of at least 3 mm resulting
in thrombolysis in myocardial infarction (TIMI) flow grade
2 or 3 post-PCI were included. Major exclusion criteria
were known diabetes, the need for coronary artery bypass
grafting, severe renal dysfunction, and contraindications
for MRI. All patients provided written informed consent.
The study protocol was in accordance with the Declaration
of Helsinki and was approved by the local ethics committee
(Groningen, the Netherlands) and national regulatory
authorities.
PMI substudy
Between January 2011 and May 2013, 380 patients were
enrolled in the GIPS-III trial. A total of 275 patients
underwent cardiac MRI and transthoracic echocardiogra-
phy (TTE) 4 months after PCI. 263 patients had an
evaluable cardiac MRI, and were eligible for the current
substudy. None of these patients had a history of (organic)
mitral valve disease.
Standard laboratory assessment including serum con-
centrations of creatinine phosphokinase (CK) was
performed.
Angiographic analysis
Coronary angiography and coronary intervention were
performed using standard techniques. The choice and order
of coronary intervention (i.e., thrombus aspiration, balloon
angioplasty, or stenting) was left to the discretion of the
operator. Perfusion was evaluated according to the TIMI
criteria [15]. Myocardial blush grade was assessed for the
infarct-related artery, and was defined as previously
described [16]: 0, no myocardial blush; 1, minimal
myocardial blush; 2, moderate myocardial blush; and 3,
normal myocardial blush or contrast density. Persistent
myocardial blush suggesting leakage of contrast medium
into extravascular space was graded as 0.
Cardiac MRI protocol
Cardiac MRI was performed 4 months post-PCI with a 3.0
Tesla clinical scanner (3 T Achieva, Philips, Best, the
Netherlands) using a phased array cardiac receiver coil.
Electrocardiogram-gated cine steady-state, free precision
magnetic resonance images were acquired during repeated
breath holds in the standard long-axis views (4-, 3-, and
2-chamber view) and contiguous short-axis slices of 1 cm
covering the entire LV were used to assess global and
regional ventricular function and to calculate LVEF. Using
identical slice locations, late contrast-enhanced images
were acquired 10 min after intravenous administration of a
gadolinium-based contrast agent (Dotarem, Gorinchem,
The Netherlands; 0.2 mmol/kg) with an inversion recovery,
gradient echo pulse sequence to identify the location and
extent of MI and PMI. The inversion time was set to null
the signal of viable myocardium for every individual
patient.
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Cardiac MRI analysis
Images were stored and sent to an independent cardiac
MRI core laboratory (Image Analysis Center, VU
University Medical Center, Amsterdam, The Netherlands)
for assessment by fully blinded operators. Additional
assessment of PMI and mitral valve geometry was per-
formed using an open-source software package (OsiriX
Imaging Software).
Summation of the volumes per slice of areas of hyper-
enhancement was outlined, allowing calculation of total
infarct size (% LV myocardium). PMI was evaluated by
LGE cardiac MRI images. Cine images of the same loca-
tion were used as a side-by-side reference for localizing the
PM within the blood pool during interpretation of contrast-
enhanced images. PMI was considered present if any
papillary hyperenhancement was present on LGE images.
PMI was further categorized by location (anterolateral PMI
and/or posteromedian PMI) and extent (partial (B50 %
hyperenhanced papillary myocardium) or complete
([50 % hyperenhanced papillary myocardium) on LGE
short-axis images (Fig. 1) [11].
Left atrial volume was calculated using the summation
of slices method multiplied by slice thickness. Left ven-
tricular end-diastolic diameter (LVEDD) and left ventric-
ular end-systolic diameter (LVESD) were measured in the
short-axis view at mid-LV level. Additionally, the systolic
sphericity index (SSI) (ratio of LV width to length) was
measured in the four-chamber view at end-systole. Inter-
papillary muscle distance (IPMD) was measured in the
short-axis view at end-systole. On the stack of short-axis
cines, the endocardial and epicardial borders were outlined
in end-systolic and end-diastolic images. Left ventricular
end-diastolic volume (LVEDV) and left ventricular end-
systolic volume (LVESV) were calculated using the sum-
mation of slice method multiplied by slice thickness. LVEF
was calculated as LVEF = 100 % 9 (LVEDV-LVESV)/
LVEDV. Regional LV contractile function was graded
with the wall motion score index (WMSI) using a
17-segment, 5-point scoring system (1 = normal contrac-
tion; 2 = hypokinesia; 3 = akinesia; 4 = dyskinesia;
5 = aneurysmatic).
Mitral annular diameter, tethering height (distance
between the leaflet coaptation point and the mitral annular
plane), tethering area (area enclosed between the annular
plane and the mitral leaflets) posterior tethering angle, and
anterior tethering angle were measured in the 3-chamber
view (mid-systolic) (Fig. 2) [9].
Echocardiographic analysis
TTE was performed with commercially available equip-
ment (Vivid-7, General Electric, Horten, Norway) with a
phased array transducer. CIMR was defined as MR caused
by MI in the absence of structural mitral valve abnormal-
ities and present 4 months after PCI. Based on the
echocardiography guidelines [17–19], the severity of MR
was scored as no or trace (grade 1?), mild (grade 2?),
moderate (grade 3?), or severe (grade 4?) as defined by
jet area divided by left atrial area measured with TTE in the
apical four-chamber view (Table 1). CIMR was considered
present if jet area/left atrial (LA) area C10 % (Cgrade
2?).
Statistics
Continuous variables were expressed as mean ± SD. Cat-
egorical variables were expressed as percentages. Com-
parisons between groups were performed using Pearson’s
Chi-square test or Fisher‘s exact test as appropriate for
categorical variables and the independent samples t test or
Mann–Whitney U test as appropriate for continuous vari-
ables. Univariate variables with P\0.10 were included in
the multivariate analysis. Age and gender were forced in all
multivariate models. Multivariate logistic regression anal-
yses by means of a forward stepwise algorithm (cut-off for
entry and removal set at a significance level of 0.05) were
performed to identify independent predictors of PMI and
CIMR. Odds ratios were reported with 95 % confidence
intervals (CI). Goodness-of-fit of the final logistic regres-
sion models was assessed with the Hosmer–Lemeshow
statistic.
All calculations were performed using commercially
available statistical packages (IBM SPSS Statistics 21.0;
IBM Corporation, Chicago, IL, USA and Stats Direct 2.8.0;
StatsDirect Ltd, Chesire, UK). Statistically significant dif-
ferences were defined as P\ 0.05.
Results
Study Population
A flowchart for this substudy is shown in Fig. 3. Patient
characteristics are shown in Tables 2 and 3. PMI was
present in 61 patients (23 %) and CIMR was present in 86
patients (33 %). In patients with PMI, 52 % had CIMR,
and in patients without PMI, 27 % had CIMR (P\ 0.001).
PMI and the infarct-related artery
PMI was found in 61 patients (23 %). Posteromedian PMI
was found in 42 patients (69 %), Anterolateral PMI was
found in nine patients (15 %), and combined PMI was
found in ten patients (16 %). An overview of the IRA
according to type of PMI is provided in Table 4.
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Predictors of PMI
Univariate and multivariate logistic regression analyses of
PMI are shown in Tables 2, 3, and 5. Multivariate analysis
revealed infarct size, inferior MI, and circumflex infarct-
related artery as independent predictors of PMI. The Hos-
mer–Lemeshow goodness-of-fit test was non-significant,
indicating that this multivariate model is a good fit
(v2 = 13.85, df = 8, P = 0.086).
Predictors of CIMR
Univariate and multivariate logistic regression analyses of
CIMR are shown in Tables 2, 3, and 6. Multivariate anal-
ysis revealed age, infarct size, tethering height, and
interpapillary muscle distance as independent predictors of
CIMR. The Hosmer–Lemeshow goodness-of-fit test was
non-significant, indicating that this multivariate model is a
good fit (v2 = 4.87, df = 8, P = 0.772).
Discussion
LGE cardiac MRI is the technique of choice for detecting
scar tissue and fibrosis formation after MI and the high
resolution of this technique permits careful delineation of
partial or complete involvement of the PM in the infarcted
area [3, 11, 20]. The incidence of PMI in this study was
23 %, but this number varies among different studies,
ranging between 14 and 53 % [3, 11, 21–25]. The
Fig. 1 Assessment of PMI by
LGE cardiac MRI. Patient with
inferolateral STEMI with
complete infarction of the
posteromedian PM. A LGE
image. B Cine image of the
same location as a side-by-side
reference for localizing the PM
within the blood pool during
interpretation of contrast-
enhanced images. Patient with
inferior STEMI and partial
infarction of the posteromedian
PM. C LGE image. D Cine
image. Patient with anterolateral
and inferior STEMI and
combined partial infarction of
the anterolateral PM and
complete infarction of the
posteromedian PM. E LGE







papillary muscle, STEMI ST
elevation myocardial infarction
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variability may be explained by differences in patient
characteristics and treatment or by differences in cardiac
MRI technique [22, 25, 26]. Due to improvements in
reperfusion therapy more recent studies report a lower
incidence of PMI [3, 11]. Most studies with LGE cardiac
MRI to assess PMI have been performed early after
infarction (several days to approximately 1 month)
[3, 11, 23]. A distinct advantage of our study is the fact that
PMI and LV assessment were performed 4 months after MI
[27]. Because the majority of myocardial remodeling
occurs over the course of this period, we were able to
provide a more reliable assessment of the effect of PMI on
myocardial remodeling and CIMR.
In patients with PMI, the posteromedian PM was
involved in 85 % and the anterolateral PM was involved in
31 %. The posteromedian PM is known to be more prone
to ischemia/infarction (and rupture) due to its dependence
on single blood supply from the posterior descending
coronary artery (which is either derived from the LCx or
from the RCA) [28, 29]. The anterolateral PM is less
vulnerable to ischemia/rupture due to its dual blood supply
from the LAD and LCx [28, 29]. This is supported by the
findings from this study (Table 4). PMI is usually limited
to one PM, but both PMs may be involved in up to one-
third of patients [3, 11, 21–25]. In this study, both PMs
were infarcted in 16 % of patients with PMI. Thus, PM
perfusion and infarction patterns are similar across differ-
ent PMI studies.
Infarct size, inferior MI, and the LCx as IRA were
independent predictors of PMI in this study. Two other
studies also showed that in patients with PMI infarct size is
generally larger on MRI, that myocardial scar most often
involves the lateral and inferior walls, and that the IRA is
most often the RCA or LCx [3, 11].
PMI also has been shown to have a strong (negative)
prognostic value [3], which could be related to ventricular
arrhythmias [30], but may also be related to accompanying
LV dysfunction and development of CIMR [1, 5]. The
prognostic value of PMI was not tested in this study, but
provides an interesting subject for future studies.
CIMR was defined as MR 4 months after PCI for
STEMI present on TTE with a jet area/LA area of C10 %
(grade 2?) in the mid-systolic apical four-chamber view.
Different studies use different time intervals to characterize
IMR as chronic. The minimum interval is usually 6 weeks.
We chose a 4 month period to make sure the majority of
myocardial remodeling has occurred [27] and that IMR can
truly be considered chronic. Other CIMR imaging
Fig. 2 Evaluation of interpapillary muscle distance, mitral valve
geometry, and CIMR severity. A evaluation of interpapillary muscle
distance measured with cardiac MRI in the short-axis view (end-
systolic). B, C Evaluation of mitral valve geometry with cardiac MRI
in the 3-chamber view (mid-systolic); mitral annular diameter (a–c),
tethering height (d–b), tethering area (area enclosed by a–b–c),
posterior tethering angle (angle between c–a and c–b), anterior
tethering angle (angle between a–c and a–b). D Evaluation of CIMR
severity with TTE in the apical four-chamber view (mid-systolic) (jet
area/LA area). AD annular diameter, ALPM anterolateral papillary
muscle, Ao aorta, ATA anterior tethering angle, CIMR chronic
ischemic mitral regurgitation, IPMD interpapillary muscle distance,
LA left atrium, LV left ventricle, MV mitral valve, PMPM postero-
median papillary muscle, PTA posterior tethering angle, TA tethering
area, TH tethering height
Table 1 Echocardiographic CIMR severity grading
Grade Grade specification Jet area/left atrial area (%)a




CIMR chronic ischemic mitral regurgitation
a Color-doppler apical four-chamber view, mid-systolic
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techniques such as exercise echocardiography can provide
additional useful information about the dynamic compo-
nent of CIMR because it has the potential to unmask higher
degrees of MR [31]. In addition, other validated parameters
for CIMR severity assessment, such as regurgitant volume
and effective regurgitant orifice area using the PISA
(proximal isovelocity surface area) method might provide a
more reliable assessment of CIMR severity [17, 32].
However, these imaging modalities or echocardiographic
parameters were not available for patients from the GIPS-
III trial. Differences in the timing of MR assessment and
the technique used to assess its presence, and the parameter
used to quantify its severity may explain some of the
variability in the reported incidence of MR after MI.
CIMR increases the risk of heart failure and mortality in
a graded fashion according to MR severity [1, 2]. Because
CIMR has such a negative impact on prognosis, it is
important to identify which mechanisms cause and which
parameters predict CIMR. Especially, when these param-
eters can be therapeutically influenced or surgically cor-
rected in moderate or severe CIMR.
The exact mechanism for the development of CIMR
after MI remains a subject of debate [9]. Both annular
dilatation (and flattening) (Carpentier type I dysfunction)
and leaflet tethering (Carpentier type IIIb dysfunction)
reduce leaflet coaptation and render the mitral valve
incompetent in CIMR [9]. The relative contributions of
both mechanisms may differ in patients, because several
studies have shown a high degree of variability in the
pathologic anatomy of CIMR with annular and leaflet
distortions demonstrating a high degree of regional
heterogeneity [33, 34]. This confirms the complex nature of
CIMR and shows that multiple mechanisms interact to
produce CIMR.
In a quest to unravel these mechanisms and their
underlying pathological abnormalities, several studies have
tried to shed light on the precise role of PM involvement in
the development of CIMR [3, 11, 23, 24, 35, 36]. This
study shows that PMI rate is significantly higher in patients
with CIMR compared to patients without CIMR and that
patients with PMI have significantly more severe CIMR
compared to patients without PMI. However, in multi-
variate analysis, PMI was not an independent predictor of
CIMR. From other contrast-enhanced MRI studies
[3, 11, 23, 24] and several animal studies [35, 36] it also
became clear that PMI is not an (independent) predictor of
CIMR. Tethering height and interpapillary muscle distance
appeared to be the strongest independent (geometric) pre-
dictors of CIMR. Tethering angles, tethering area and SSI
were all associated with CIMR, but did not independently
Fig. 3 Flowchart for the PMI
substudy. CABG coronary artery
bypass grafting, CIMR chronic
ischemic mitral regurgitation,
GIPS glycometabolic
intervention as adjunct to
primary percutaneous





papillary muscle infarction, TTE
transthoracic echocardiography
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predict CIMR. This confirms findings from two other
studies that showed that CIMR is related to outward dis-
placement of the PMs and impairment of lateral shortening
between them rather than to global LV dilatation [37, 38].
Thus, development of CIMR is mainly related to infarct
size, LV remodeling with PM displacement, and mitral
Table 2 Patient characteristics
Variablea Total
(n = 263)










Age, years 57.8 ± 11.5 59.3 ± 11.7 57.4 ± 11.5 0.262 63.2 ± 11.2 55.2 ± 11.7 \0.001
Female 57 (22 %) 12 (20 %) 45 (22 %) 0.665 22 (26 %) 35 (20 %) 0.284
Body mass index, kg/m2 27.0 ± 3.6 26.9 ± 3.2 27.0 ± 3.7 0.812 26.4 ± 3.2 27.3 ± 3.7 0.060
Cardiovascular related history
Hypertension 76 (29 %) 17 (28 %) 59 (29 %) 0.840 26 (30 %) 50 (28 %) 0.739
Dyslipidemia 164 (62 %) 39 (64 %) 125 (62 %) 0.772 44 (51 %) 120 (56 %) 0.009
Smoking 184 (70 %) 40 (66 %) 144 (71 %) 0.394 50 (58 %) 134 (76 %) 0.004
Stroke 1 (1 %) 1 (2 %) 0 (0 %) 0.232 1 (1 %) 0 (0 %) 0.327
Peripheral artery disease 0 (0 %) 0 (0 %) 0 (0 %) - 0 (0 %) 0 (0 %) -
Previous PCI 4 (2 %) 0 (0 %) 4 (2 %) 0.576 0 (0 %) 4 (2 %) 0.307
Ischemic time, min 203 ± 148 211 ± 160 201 ± 145 0.649 202 ± 159 204 ± 143 0.924
Maximum CK level, U/L 2071 ± 1928 3188 ± 1892 1734 ± 1812 \0.001 2687 ± 2179 1772 ± 1721 \0.001
Number of diseased coronary arteries 0.247 0.767
One-vessel disease 190 (72 %) 39 (64 %) 151 (75 %) - 64 (74 %) 126 (71 %) -
Two-vessel disease 62 (24 %) 19 (31 %) 43 (21 %) - 18 (21 %) 44 (25 %) -
Three-vessel disease 11 (4 %) 3 (5 %) 8 (4 %) - 4 (5 %) 7 (4 %) -
Infarct-related artery \0.001 0.424
Left main 0 (0 %) 0 (0 %) 0 (0 %) - 0 (0 %) 0 (0 %) -
Left anterior descending coronary artery 106 (40 %) 6 (10 %) 100 (50 %) - 34 (40 %) 72 (41 %) -
Left circumflex coronary artery 44 (17 %) 28 (46 %) 16 (8 %) - 18 (21 %) 26 (15 %) -
Right coronary artery 113 (43 %) 27 (44 %) 86 (43 %) - 34 (40 %) 79 (45 %) -
Thrombus aspiration 245 (93 %) 57 (93 %) 188 (71 %) 1.000 78 (91 %) 167 (94 %) 0.271
Stent placement 259 (98 %) 61 (100 %) 198 (98 %) 0.576 84 (98 %) 175 (99 %) 0.599
Infarct-related artery TIMI flow
Preintervention grade 0.190 0.037
0 151 (57 %) 42 (69 %) 109 (41 %) - 55 (64 %) 96 (54 %) -
1 17 (6 %) 2 (3 %) 15 (7 %) - 5 (6 %) 12 (7 %) -
2 45 (17 %) 9 (15 %) 36 (18 %) - 18 (21 %) 27 (15 %) -
3 50 (19 %) 8 (13 %) 42 (21 %) - 8 (9 %) 42 (24 %) -
Postintervention grade 0.555 0.441
2 17 (6 %) 5 (8 %) 12 (6 %) - 7 (8 %) 10 (6 %) -
3 246 (94 %) 56 (92 %) 190 (94 %) - 79 (92 %) 167 (94 %) -
Myocardial blush grade 0.809 0.391
0 5 (2 %) 1 (2 %) 4 (2 %) - 3 (3 %) 2 (1 %) -
1 18 (7 %) 3 (5 %) 15 (7 %) - 8 (9 %) 10 (6 %) -
2 55 (21 %) 15 (25 %) 40 (20 %) - 18 (21 %) 37 (21 %) -
3 183 (70 %) 42 (69 %) 141 (70 %) - 57 (66 %) 126 (71 %) -
Randomized to metformin treatment 130 (49 %) 31 (51 %) 99 (49 %) 0.804 40 (47 %) 90 (51 %) 0.509
CIMR chronic ischemic mitral regurgitation, CK creatine phosphokinase, PCI percutaneous coronary intervention, PMI papillary
muscle infarction, TIMI thrombolysis in myocardial infarction
a Data are presented as mean ± standard deviation or number (%)
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valve tethering, rather than to PMI itself. This finding may
also have implications for the mechanism-based surgical
correction of moderate or severe CIMR.
Undocumented pre-existing mitral valve disease may
have been present at the time of MI in some patients
although none of the patients had a history of (organic)
Table 3 Cardiac MRI and TTE Data
Variablea Total
(n = 263)










Time from infarct to TTE, days 124 ± 13 125 ± 12 124 ± 12 0.318 126 ± 15 123 ± 11 0.102
Time from infarct to CMR, days 125 ± 10 126 ± 9 124 ± 9 0.131 126 ± 8 124 ± 10 0.163
Infarct size, % LV hyperenhancement 9.0 ± 7.7 12.9 ± 6.8 7.7 ± 7.6 \0.001 11.6 ± 8.1 7.6 ± 7.1 \0.001
Infarct location
Anterior 134 (51 %) 29 (48 %) 105 (52 %) 0.543 45 (52 %) 89 (50 %) 0.756
Inferior 212 (81 %) 59 (97 %) 143 (71 %) \0.001 75 (87 %) 137 (77 %) 0.059
Lateral 132 (50 %) 48 (79 %) 84 (42 %) \0.001 49 (57 %) 83 (47 %) 0.125
Papillary muscle infarction 61 (23 %) 61 (100 %) - - 32 (37 %) 29 (16 %) \0.001
Posteromedian PMI 52 (20 %) 52 (85 %) - - 28 (33 %) 24 (14 %) \0.001
Incompleteb 13 (5 %) 13 (21 %) - - 5 (6 %) 8 (5 %) 0.763
Completeb 39 (15 %) 39 (64 %) - - 23 (27 %) 16 (9 %) \0.001
Anterolateral PMI 19 (7 %) 19 (31 %) - - 8 (9 %) 11 (6 %) 0.364
Incompleteb 7 (3 %) 7 (11 %) - - 3 (3 %) 4 (2 %) 0.686
Completeb 12 (5 %) 12 (20 %) - - 5 (6 %) 7 (4 %) 0.535
Combined PMI (complete/incompleteb) 10 (4 %) 10 (16 %) - - 4 (5 %) 6 (3 %) 0.733
LA and LV geometry and function
LA volume, ml 58.8 ± 18.6 60.4 ± 18.4 58.3 ± 18.6 0.480 64.1 ± 19.6 56.2 ± 17.5 0.002
LV end-diastolic diameter, mm 49.7 ± 5.6 50.5 ± 6.0 49.4 ± 5.5 0.213 49.9 ± 5.6 49.5 ± 5.6 0.620
LV end-diastolic volume, ml 193.6 ± 44.6 206.5 ± 44.8 189.7 ± 43.9 0.010 194.0 ± 43.4 193.4 ± 45.3 0.921
LV end-systolic diameter, mm 33.2 ± 6.2 35.0 ± 7.5 32.7 ± 5.7 0.013 34.3 ± 7.0 32.7 ± 5.8 0.055
LV end-systolic volume, ml 90.2 ± 33.7 105.1 ± 40.1 85.6 ± 30.1 \0.001 93.3 ± 35.4 88.7 ± 32.8 0.294
Systolic sphericity index, % 46.7 ± 6.2 48.3 ± 6.5 46.2 ± 6.0 0.016 48.0 ± 6.7 46.0 ± 5.8 0.011
Interpapillary muscle distance, mm 12.5 ± 4.5 14.8 ± 5.3 11.8 ± 4.0 \0.001 13.9 ± 5.0 11.8 ± 4.1 \0.001
LVEF, % 54.3 ± 8.1 50.2 ± 8.9 55.6 ± 7.4 \0.001 52.8 ± 9.6 55.0 ± 7.2 0.038
Wall motion score index 1.25 ± 0.28 1.30 ± 0.29 1.23 ± 0.28 0.120 1.32 ± 0.30 1.21 ± 0.26 0.008
CIMR severity 1.6 ± 1.0 2.2 ± 1.2 1.5 ± 0.9 \0.001 3.0 ± 0.7 1.0 ± 0.0 \0.001
CIMR Grade \0.001 -
Grade 1? (none or trace) 177 (67 %) 29 (48 %) 148 (73 %) - - 177 (100 %) -
Grade 2? (mild) 25 (10 %) 8 (13 %) 17 (8 %) - 25 (29 %) - -
Grade 3? (moderate) 39 (15 %) 10 (16 %) 29 (14 %) - 39 (45 %) - -
Grade 4? (severe) 22 (8 %) 14 (23 %) 8 (4 %) - 22 (26 %) - -
Mitral valve geometry
Annular diameter, mm 30.6 ± 3.7 31.0 ± 3.2 30.4 ± 3.9 0.293 30.7 ± 4.0 30.5 ± 3.6 0.658
Tethering height, mm 8.2 ± 2.0 8.8 ± 1.9 8.0 ± 2.0 0.005 8.9 ± 2.1 7.8 ± 1.8 \0.001
Tethering area, mm2 13.1 ± 4.0 14.3 ± 3.6 12.7 ± 4.1 0.005 14.3 ± 4.4 12.5 ± 3.7 0.001
Posterior tethering angle,  40.7 ± 9.1 43.8 ± 8.9 39.8 ± 8.9 0.002 43.2 ± 9.3 39.6 ± 8.8 0.003
Anterior tethering angle,  21.8 ± 5.8 22.5 ± 5.5 21.5 ± 5.9 0.253 23.3 ± 6.2 21.0 ± 5.5 0.003
(CI)MR (chronic ischemic) mitral regurgitation, LA left atrium, LV(EF) left ventricular (ejection fraction), MRI magnetic resonance imaging,
PMI papillary muscle infarction, TTE transthoracic echocardiography
a Data are presented as mean ± standard deviation or number (%)
b Complete PMI:[50 % hyperenhancement on short-axis images; incomplete PMI: B50 % hyperenhancement on short-axis images
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mitral valve disease or evidence of structural mitral valve
disease on cardiac MRI or TTE. Baseline post-MI MRI
data were not available in this study. Other limitations are
related to methods of CIMR quantification. Alternative
validated methods for CIMR severity assessment, includ-
ing regurgitant volume and effective regurgitant orifice
area were not available in this study. Inherent limitations of
two-dimensional imaging, such as viewing plane selection
and regional asymmetry or localized annular distortions,
may have biased results. Future studies with three-
Table 4 PMI type and IRA
PMI type Infarct-related artery
LAD (%) LCx RCA
Any type of PMI 10 46 44
Posteromedian PMI 0 38 62
Anterolateral PMI 67 33 0
Combined PMI 0 90 10
IRA infarct-related artery, LAD left anterior descending coronary
artery; LCx left circumflex coronary artery, PMI papillary muscle
infarction, RCA right coronary artery
Table 5 Predictors of PMI by
univariate and multivariate
logistic regression analysis
Variable Univariate analysis Multivariate analysis
OR (95 % CI) P value OR (95 % CI) P value
Age, years 1.01 (0.99–1.04) 0.261 -
Female 0.85 (0.42–1.74) 0.665 -
Maximum CK level, U/L 1.00 (1.00–1.00) \0.001 -
Infarct-related artery LCx 9.86 (4.82–20.21) \0.001 8.21 (3.80–17.74) \0.001
Preintervention TIMI flow grade 0 1.89 (1.03–3.47) 0.041 -
Infarct size, % LV hyperenhancement 1.09 (1.05–1.13) \0.001 1.09 (1.04–1.13) \0.001
Inferior MI 9.45 (2.23–40.09) 0.002 4.64 (1.04–20.62) 0.044
Lateral MI 5.19 (2.64–10.17) \0.001 -
CI confidence interval, CK creatinine phosphokinase, LCx circumflex coronary artery, LV left ventricle, MI
myocardial infarction, OR odds ratio, PMI papillary muscle infarction, TIMI thrombolysis in myocardial
infarction
Table 6 Predictors of CIMR by
univariate and multivariate
logistic regression analysis
Variable Univariate analysis Multivariate analysis
OR (95 % CI) P value OR (95 % CI) P value
Age, years 1.07 (1.04–1.10) \0.001 1.08 (1.04–1.11) \0.001
Female 1.40 (0.76–2.57) 0.285 -
Maximum CK level, U/L 1.00 (1.00–1.00) 0.001 -
Preintervention TIMI flow grade\3 3.03 (1.36–6.79) 0.007 -
Infarct size, % LV hyperenhancement 1.07 (1.03–1.11) \0.001 1.09 (1.03–1.16) 0.003
Inferior MI 1.99 (0.97–4.11) 0.062 -
PMI 3.02 (1.67–5.46) \0.001 -
LA volume, ml 1.02 (1.01–1.04) 0.003 -
LV end-systolic diameter, mm 1.04 (1.00–1.09) 0.058 -
Systolic sphericity index, % 1.06 (1.01–1.10) 0.012 -
Interpapillary muscle distance, mm 2.79 (1.54–5.04) 0.001 3.32 (1.31–8.42) 0.011
LVEF, % 0.97 (0.94–1.00) 0.040 -
Wall motion score index 3.60 (1.38–9.41) 0.009 -
Tethering height, mm 19.03 (4.57–79.22) \0.001 19.30 (3.28–113.61) 0.001
Tethering area, mm2 3.04 (1.56–5.93) 0.001 -
Posterior tethering angle,  1.05 (1.02–1.08) 0.003 -
Anterior tethering angle,  1.07 (1.02–1.12) 0.004 -
CI confidence interval, CIMR chronic ischemic mitral regurgitation, CK creatinine phosphokinase, LA left
atrial, LV(EF) left ventricular (ejection fraction), MI myocardial infarction, OR odds ratio, PMI papillary
muscle infarction, TIMI thrombolysis in myocardial infarction
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dimensional imaging may have the potential to overcome
some of these limitations.
In conclusion, our findings indicate that 4 months after
primary PCI for STEMI CIMR rates are higher in patients
with PMI, but PMI is not an independent predictor of
CIMR. The geometric parameters tethering height and
interpapillary muscle distance are the strongest indepen-
dent predictors of CIMR. Inferior infarction and infarction
in the circumflex coronary artery are independent predic-
tors of PMI.
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